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Energy efficiency is an essential aspect in the design and operation of 
residential buildings. Residential energy consumption has been shown to 
account for approximately 8% of the electricity and 3.5% of the natural gas 
consumption in the U.S. Heating, ventilation, and air conditioning (HVAC) 
system and lighting system are two major contributors to energy consumption in 
residential buildings with about 52-72% of the average energy consumed used 
to keep buildings at comfortable temperatures, provide hot water, and circulate 
fresh air indoors. In the Tennessee Valley Authority (TVA) service region, 92% 
of electricity is non-renewable, and approximately 41% is generated by coal. 
Therefore, energy consumption in residential buildings directly relates to the 
proportion of pollutants and greenhouse gas emissions from the power plants 
that fulfill these energy requirements. With the development of newer 
technology and revised energy policies, the overall energy consumption in the 
residential sector and the corresponding emission of pollutants can be 
significantly reduced. This study presents an approach for analyzing the energy 
efficiency metrics in residential buildings based on three dimensions: 
sustainable physical infrastructure, energy efficient equipment/fuel, and energy 
efficient behavior. The results of this analysis subsequently provide a residential 




identifying opportunities in each of the three primary dimensions, more 
specifically focusing on one of the three primary dimensions as the best means 
of increasing building energy efficiency (thereby assisting decision-makers). 
For this study, energy consumption data for each of the dimensions are 
collected through a survey of 102 participating residential buildings in 




TABLE OF CONTENTS 
 
 
CHAPTER I ......................................................................................................... 1 
1. INTRODUCTION AND GENERAL INFORMATION ............................. 1 
1.1. INTRODUCTION ............................................................................................ 1 
1.2. PURPOSE OF THE STUDY ............................................................................... 5 
1.3. OUTLINE OF THE STUDY ............................................................................... 6 
2. LITERATURE REVIEW ...................................................................................... 7 
2.1. POSITIONING OF THE STUDY IN CITED LITERATURE .................................... 20 
CHAPTER III ................................................................................................... 23 
3. METHODOLOGY AND SURVEY DATA ................................................ 23 
3.1. SURVEY ..................................................................................................... 23 
3.2. DATA COLLECTION..................................................................................... 25 
3.3. STATISTICAL ANALYSIS FOR THE SURVEY DATA ....................................... 26 
3.4. SURVEY RESPONSES .................................................................................. 28 
CHAPTER IV .................................................................................................... 34 
4. RESULTS AND DISCUSSION ................................................................... 34 
4.1. PRINCIPAL COMPONENT ANALYSIS RESULTS ............................................. 34 
4.2. REGRESSION MODEL .................................................................................. 36 
4.3. ASSUMPTIONS ASSESSMENT ...................................................................... 42 
4.3.1. Collinearity of Variables .................................................................... 42 
4.3.2. Residuals Normality ........................................................................... 43 
4.3.3. Constant variance .............................................................................. 45 
4.3.4. Predicting energy demand without behavior variables ..................... 47 
4.3.5. Case Study .......................................................................................... 50 
CHAPTER V ..................................................................................................... 52 
5. CONCLUSIONS AND RECOMMENDATIONS ..................................... 52 
LIST OF REFERENCES ................................................................................. 54 
APPENDIX ........................................................................................................ 58 
RESIDENTIAL ENERGY CONSUMPTION SURVEY .............................. 67 







LIST OF TABLES 
 
Table 1. Overview of selected literature on modeling residential energy .......... 22 
Table 2. Some significant variables collected in the survey questionnaire ........ 26 
Table 3. Some important percentage indicators based on the survey. ................ 33 
Table 4. PCA results for each category .............................................................. 36 
Table 5. Univariate analysis of variables ............................................................ 38 
Table 6. Regression Model Analysis by the NCSS ............................................ 38 
Table 7. Analysis of Variance Detail Section ..................................................... 39 
Table 8. Regression Equation Section ................................................................ 41 
Table 9. Multicollinearity Section ...................................................................... 43 
Table 10. Normality tests section........................................................................ 44 
Table 11. Regression Coefficient Section ........................................................... 46 
Table 12. R-Squared Section .............................................................................. 47 
Table 13. Partial outputs of multiple regression analysis by the NCSS ............. 48 
Table 14. Normality Tests Section...................................................................... 48 
Table 15. Estimated savings from the adoption of energy efficient behavior 
improvement ................................................................................................ 51 
 
Table A. 1. Eigenvalues of the PCA of the sustainable physical infrastructure 
data ............................................................................................................... 59 
Table A. 2. Factor loadings of the PCA of the sustainable physical infrastructure 
data ............................................................................................................... 60 
Table A. 3. Eigenvalues of the PCA of the energy efficient equipment/fuel data
 ...................................................................................................................... 61 
Table A. 4. Eigenvalues of the PCA of the energy efficient equipment/fuel data
 ...................................................................................................................... 62 
Table A. 5. Factor loadings of the PCA of the energy efficient equipment /fuel 
data ............................................................................................................... 63 
Table A. 6. Factor loadings of the PCA of the energy efficient equipment /fuel 
data ............................................................................................................... 64 
Table A. 7. Eigenvalues of the PCA of the energy efficient behavior data........ 65 








LIST OF FIGURES 
 
Figure 1. a End-use sector shares of total energy consumption in 2011 [2] and 
1.b Energy end-uses as a percentage of total residential energy consumption 
in 2005, Source: EIA, Residential Energy Consumption Survey (2005) ................. 3 
Figure 2. State-level estimated energy consumption per capita in 2010 [2] ................... 3 
Figure 3. CO2 emissions from energy consumption in the residential sector 
(U.S. EIA 2012) ...................................................................................................... 31 
Figure 4. Normality plot ................................................................................................ 44 
Figure 5. Residual aginst of predicted value plot .......................................................... 45 

























Continual increases in fossil-fuel prices, as well as the deterioration of 
environmental quality worldwide, have prompted energy policy makers to 
develop strategies to reduce energy consumption and dependence on fossil 
fuels. However, energy consumption in the residential sector is predicted to 
increase at the rate of 1.1% per year from 2008 to 2035 [1].The importance of 
energy efficiency in this sector can be inferred based on statistical data released 
by the U.S. government. Energy consumption in the residential sector, primarily 
for heating, cooling, and lighting systems, accounts for 22% of total national 
energy consumption, as shown in Figure 1.a [2]. Data published by the U.S. 
Energy Information Administration (EIA) indicate that around 42-56% [1] of 
the total energy consumption for residential buildings in the US comes from 
heating and cooling needs, as shown in Figure 1.b, and  that consumption varies 
by region. For example, in milder climatic regions, such as the Southern states 
and the Pacific coast, the heating requirements in winter are less than those of 




conditioning in summer is much higher in the Southern states than in the 
Northern states. Heating and cooling systems and their usage in particular have 
been considered as potential target areas for energy savings. The use of highly 
energy-efficient equipment/fuel and separate HVAC (heating, ventilation, and 
air-conditioning) units helps achieve this goal. In addition, using double-paned 
windows, repairing windows or doors to avoid air leakage, and keeping houses 
well insulated can reduce the HVAC system load, thus also reducing energy 
expenditure. Accordingly, any energy consumption improvement in the 
residential sector can contribute to reducing greenhouse gas emissions, since the 
energy consumption in the residential sector correlates to the release of 
approximately 313.4 million metric tons of carbon dioxide (CO2) annually, into 
the atmosphere [2]. 
 
The state of Tennessee ranks nineteenth [2] in the nation for total energy 
consumption per capita (as shown in Figure 2) and second in residential 
electricity consumption alone [3]. The Knoxville metropolitan area, the third 
most populated metro area in Tennessee, has not been an exception to national 


















Figure 1. a End-use sector shares of total energy consumption in 2011 [2] and 1.b Energy 
end-uses as a percentage of total residential energy consumption in 2005, Source: EIA, 
Residential Energy Consumption Survey (2005) 




Based on the latest census data, the total population of Knoxville in 2011 was 
179,055 [4]. The total electricity consumed by the city in 2005 was 
approximately 2,438,817 MWh, and 1,781,320 metric tons of CO2 was emitted 
that same year. Significantly, 34% of total electricity consumption was in 
residential buildings [3].This condition generates a critical necessity for the city 
of Knoxville to decrease energy consumption, associated costs and related 
emissions, and to increase the overall environmental sustainability of city 
government operations. Although energy efficient technologies for residential 
buildings have been developed and improved since the 1970s, few of these 
technologies have actually been implemented. The most critical barriers to 
improving energy efficiency in residential buildings are the long lifetimes of 
residential buildings and equipment, and the lack of sufficient public and private 
support.  
 
As mentioned previously, about half of residential energy bills are directed 
toward heating and cooling systems, therefore, it can be inferred that this area 
has greater potential for saving energy by using higher efficiency equipment 
such as heat pumps and HVAC units and splitting energy systems. At the same 
time, using double-panel windows and sealing the gap around windows, 
electrical outlets and other openings, as well as applying advanced insulation 




Since the energy consumption in residential buildings is a function of both the 
technical aspects of energy efficiency and the cultural behavior of the residents, 
finding a model to predict a building’s actual energy consumption is not an easy 
task. Due to difficulties in modeling residential behavior, it is not surprising that 
most of the literature on energy efficiency focuses on equipment and 
infrastructure changes, with little attention given to end-use behaviors. 
Installing new energy-efficient lights and insulation and subsequently 
measuring the energy output is much easier than determining to what degree 
personal behavior changes may have resulted in energy reduction [5]. 
 
This research describes and documents an analysis of the energy consumption 
of residential buildings regarding the three dimensions: sustainable physical 
infrastructure, energy efficient equipment/fuel, and energy efficient behavior of 
the residents in Knoxville, Tennessee, U.S. 
 
1.2. Purpose of the Study 
 
The primary objective of this study is to apply statistical methods (Principal 
Component Analysis (PCA) and regression analysis) to investigate energy 
efficiency factors of residential buildings in Knoxville, Tennessee. First, a 




buildings in three categories including sustainable physical infrastructure, 
energy efficient equipment/fuel, and energy efficient behavior. Based on the 
survey data, PCA analysis was conducted to reduce the dimensions of the 
dataset and target most significant contributors to the energy consumption of 
residential buildings. Regression analysis was used by selecting most significant 
variables from PCA to build the model and predict energy bills. Finally, by 
improving energy efficient behavior in residential buildings, the reduction of 
greenhouse gas emissions was estimated. 
 
1.3. Outline of the study 
 
The remainder of this thesis is organized as follows:  
In Chapter 2, a comprehensive literature review of various models and studies 
in energy efficiency in residential buildings is presented. Chapter 3 provides the 
problem description, survey design, data collection and also addresses the 
proposed statistical analysis employed for the survey data input. Chapter 4 
presents the implementation and result of the regression model; and finally, 






2. Literature Review 
 
Researchers in many countries have undertaken studies regarding residential 
energy efficiency. This chapter summarizes literature studies that are relevant to 
this study. Yang et al. (2010) conducted an assessment of residential buildings 
based on indicators of energy efficiency relating to climate diversity and 
building types in China. For this purpose, 17 weighted indicators of energy 
efficiency were used for the assessment in a particular climate zone of China. In 
this research, a survey consisting of five categories (building design, 
performance of envelope, energy efficiency in building facilities, building 
operation and management, and comfort and health) was designed based on a 
group analytic hierarchy process [6]. 
 
Zavrl et al. (2009) proposed a simple two-step method for assessing the energy 
sustainability of a residential building. In the first step, they determined 
indicators and identified areas that have an impact on the sustainability level of 
a building, such as the building’s architecture, its design, and its built-in 
materials. In the second step, the indicators are aggregated according to their 




sustainability assessment is based on a poll that reflects the national context of 
sustainability, and it is customized for multi-apartment buildings. This 
assessment may emphasize the competitive advantages of a building in terms of 
sustainable building design. This methodology has been applied to Slovenia but, 
it can be applied to any other geographic region [7].  
 
Hass (1997) focused on identifying energy efficiency indicators attempting to 
institute and create a set of crucial factors of energy efficiency indicators for use 
in cross-country comparisons. In these comparisons, some of these factors are 
gross life-style and demographic factors, saturation effects of energy and 
electricity services, fuel mix, ability to distinguish long-term and short-term 
changes in structure, and inability to determine true equipment or house 
efficiency except with very costly surveys. To get a realistic view, the author 
suggested carrying out comprehensive surveys every 3 or 4 years [8].  
 
A regression model was created by Dirk et al. (2012) to analyze the 
consumption of energy in the Dutch residential sector. A large sample of 
households in Holland was selected to investigate the relationship between the 
physical characteristics of residential units and their energy usage. The 
relationship between households’ demographic configuration and their 




Stagnating energy efficiency trends and slow adoption of energy-efficient 
technologies in the Swedish building sector were analyzed in terms of their 
underlying economic and organizational causes by Na¨sse´n et al. (2008) for the 
period between 1970 and 2002. First, a graphic analysis with a least-squares 
estimate based on a simplified Cobb-Douglas function was performed. Next, a 
standard dynamic constant elasticity function called the dynamic model was 
analyzed. The outcome of this study implied that a change in specific energy 
use requires relatively large increases in energy price. They also conclude that 
engineering estimates of energy efficiency potentials often underestimate the 
actual costs of change. This cost includes both transaction costs at the 
household level and costs for learning processes within organizations [10]. 
 
Aspects of residential energy consumption in the U.S., such as building system, 
climate, and interaction between occupants, were studied by Steemers and Yun 
(2009), who used regression models and path analysis to study the interactions 
and relative roles of the various aspects [11]. Cheng and Steemers (2011) 
proposed a bottom-up development of a domestic energy and carbon model 
(DECM) to forecast emissions of CO2 and energy usage for residential buildings 
in England. Based on this model, the authors found that the building type and 
socio-economic class of a building’s household have significant effects on 




A financial method for measuring energy consumption in Danish residential 
buildings was conducted by Trommerup and Svendsen (2006). The model 
showed that for buildings upgraded with energy-saving equipment, there was a 
possibility for energy savings (regarding space heating) of about 80 % over  a 
projected 45 years (i.e. until 2050). The authors concluded that a lower level of 
energy consumption helps to reduce the rising energy prices and increase the 
reliability of its supply. In addition, a number of environmental benefits would 
be obtained, thereby promoting promising technological solutions as well as 
contributing to sustainable development. It is more economical in the long run 
to update the renovated parts of the buildings as much as possible to a level that 
corresponds to the requirements for new construction. The major barrier for 
people in renovating their buildings seems to be lack of knowledge and interest 
[13]. 
 
To predict energy use in a complex institutional building, Anstett and Kreider 
(1993) developed a Neural Networking (NN) model that considered factors such 
as natural gas, electricity, and water. Input data included outdoor (high, low, 
and average) temperatures, day of the month, days of the week, and several 






Aydinalp et al. (2004) also applied the NN method to model end-user energy- 
consumption in Canadian residential buildings at both regional and national 
levels. This study used extensive data from the 1993 Survey of Household 
Energy Use [15] database and developed models for end-use energy 
consumption of the space heating and domestic hot-water sectors of the 
dwellings. High prediction performances were achieved by both models. 
Although, the NN method can certainly be used to develop models to estimate 
the energy consumption in the residential sector, the authors indicated that in 
terms of estimating the effects of various  energy-savings scenarios, the NN 
models were found to be limited in their scope due to variables and data 
limitations that could be included in their model [16].  
 
Also in another work in Canada, Aydinalp-Koksal and Ugursal (2008) 
employed conditional demand analysis (CDA) method to model the nationwide 
energy consumption of residential buildings. Information regarding house 
construction, space heating/cooling, domestic hot-water heating equipment, 
household appliances, and some socioeconomic characteristics of the occupants 
were considered in this study. This model  proved to be capable of predicting 





In another study, Aydinalp et al. (2002) developed a residential energy 
consumption model using the (NN) methodology, which produced good 
production performance estimates (R
2
=0.909) in three areas of appliance uses: 
lighting, heating, and cooling. The NN model was found capable of predicting 
the energy consumption of households even with irregularly high or low energy 
consumption levels, provided that the input units of these households were 
representative of the households’ energy consumptions [18].  
 
NN modeling for predicting the energy usage of residential buildings in a given 
region was introduced in a paper by Issa et al. (2001), who defined the 
expansion of a NN model that uses an energy-performance index, conditioned 
floor areas, and billing data for a set of residential buildings. In this study, an 
energy efficiency rating was developed based on housing components called the 
energy performance index [19]. 
 
An hourly value for energy use of a residential building was estimated in a NN 
model using several meteorological parameters as input data in a study by 
Mihalakakou et al. (2002). The result of this study supports the use of NN 
modeling as a powerful method that is capable of accurately predicting future 





Jaber (2002) studied the effect of various factors for energy consumption in 
residential buildings in Jordan. Socio-economic factors, the type of energy used, 
the altitude, the location, the building design, the household’s orientation to 
energy consumption, and the potential for using renewable energy as an 
alternative source were taken into account in a survey for this analysis. The 
most significant result of the survey indicated that about 61% of energy 
consumption is related to space heating.  Lack of adequate thermal insulation in 
this region was found to be a critical problem; therefore, the author concluded 
that improving thermal insulation and encouraging the use of renewable energy 
technology could potentially have tremendous effect on energy usage [21].  
 
Zhang (2004) compared residential building energy consumption in China with 
Japan, Canada, and the U.S. In this study, which was based on aggregated 
national residential energy values, China was divided into seven regions 
according to each region’s climatic characteristics. Statistical data was used to 
analyze the differences in annual energy consumption among urban residences 
in different regions of China. The study found that, factors such as building size, 
the limited use of space-heating devices, and the high density of China’s 
population had a tremendous effect on the country’s low energy consumption 
compared with that of the other countries. In addition, the study found that 




heating degree days); Japan uses almost half the energy consumption of the U.S. 
and Canada. The author concluded that Japan’s low energy use may be 
attributed to the high proportion of apartment buildings in Japan as opposed to 
single-family homes [22]. 
 
Nesbakken (2001) presented a discrete-continuous model that estimated both 
the impact of income on energy consumption and the effect of space-heating 
costs on the choice of heating system; the study found that when considering 
each parameter’s impact on the model separately, the result was significantly 
different. The study also highlighted the importance of the relationship  between 
choice of heating system and utilization of the system on energy demand  [23]. 
Upreti et al. (2012) presented a fuel cell market model for the combined heat 
and power for residential buildings[24]. 
 
Kelly (2011) studied a structural equation model (SEM) based on a combination 
of data collected on physical, demographic, and behavioral characteristics of 
residential buildings and their occupants. The analyses intended to calculate the 
extent and importance of these variables on residential energy consumption. His 
results indicate that more densely occupied households and higher-income 





Chedid and Ghajar (2004) adopted a bottom-up approach in their analysis by 
focusing on two factors of thermal characteristics: building envelopes and 
energy-consuming equipment. For this purpose, a scenario analysis was 
employed to compare different combinations of technological choices to deliver 
the same degree of energy services. This analysis was done by finding the 
energy demand for a base year (1994) and developing future estimates based on 
this demand. The results showed that fluorescent lamps and solar-water heaters 
are crucial in terms of energy saving in the long term. This team also reported 
that upgrading the thermal envelope has an important impact on saving energy 
in the long term [26]. 
 
A study was performed by Zhu et al. (2009) in suburban Las Vegas, Nevada, 
where the climate conditions allow the effect of massive wall construction to be 
considered in comparison with conventional wood-framed construction. The 
result of this study indicates that massive walls decrease energy consumption 
with respect to space heating. Nevertheless, massive walls increase the cooling 
load only moderately compared with conventional construction. This study 
concludes that although massive walls can store enough energy from sunlight in 
the daytime and release it at night, in desert climates with strong sunlight, 





Sadineni et al. (2011) developed a cost-benefit data analysis for use by a local 
electric utility in describing a reduction program to inspire energy efficient 
building in the Southwestern desert region of the U.S. For their analysis, a two-
story single family home in Las Vegas was chosen for two steps of energy-
efficiency upgrades. Basic upgrades included improving components such as 
floor, wall and attic cavity insulation, lighting, and air infiltration. Advanced 
upgrades consisted of wall, roof and floor insulation with cellulose, window 
replacements, air conditioner replacements and photovoltaic system installation. 
For analysis, energy simulation codes were built using annual energy savings of 
each upgrade. Simulation results indicated a 42.5% reduction of the annual 
electrical demand for the house [28]. 
  
Swans and Ismet Ugursal (2009) provided a comprehensive review paper on 
modeling end-use energy consumption in the residential sector. They identified 
two different methods: top-down and bottom-up. The top-down model, which 
relies on historic aggregate data, considers residential energy consumption as 
energy sink and is not focused on distinct end uses. The bottom-up approach 
calculates the energy consumption of dwellings for a specific region and then 
applies these results to represent regional or national levels and employs two 





McMakin et al. (2002) conducted a study to investigate the factors that motivate 
people to conserve energy in their houses. They designed and carried out energy 
conservation campaigns on two U.S. military installations, where utility bills are 
not paid by the residents. End-use behaviors were measured before and after the 
program by conducting surveys. Results indicated that people are willing to 
change their behavior on energy consumption if they are continually exposed to 
awareness and education communications [30]. 
 
Gyberg and Palm (2009) conducted a study on Swedish households’ energy 
behaviors.  Their research has shown that energy companies, energy advisors, 
and environmental organizations provide a great deal of information for 
Swedish citizens regarding how to conserve energy in their houses. However, 
the most common advice, based on their findings regarding this information, 
simply encourages households to change their appliances to more efficient ones. 
The authors believe that none of these websites and organizations have 
sufficiently questioned people’s lifestyle or motivated them to consider their 
energy consumption behavior [31].  
 
Yu et al. (2011) investigated the influences of occupant behavior on buildings’ 
energy consumption by using simple data-mining methods. In this study, seven 




equipment operation, occupant behavior, social and economic factors, and 
indoor environmental quality were considered. Among these factors, four 
influencing factors of energy consumption unrelated to occupants’ behavior 
were selected for use in a simulation analysis. When factors were clustered into 
different groups, the specific effects of occupant behavior on building energy 
usage could be studied at the end-use level. Hence, the impact of occupant 
behavior on building energy consumption can be accurately analyzed [32].  
 
Ouyang and Hokao (2009) developed a study on residential buildings in the city 
of Hangzhou, China. The objective of their study was to evaluate the effect of 
improving occupants’ behavior in consuming energy. A series of surveys on 
124 households from three distinctive residential buildings focusing on lifestyle 
were conducted. The result of their study explains that due to improvement of 
the standard of living, the electricity consumption is expected to increase in 
upcoming years in China. However, by improving residents’ behavior, energy 
consumption can be decreased by 10% [33].  
 
In a study by Hiller (2012), the influence of occupants on energy consumption 
was investigated in 57 Swedish single-family houses, all of which were heated 
electrically. In this study, three components−total energy consumption, 




results indicate that similar houses have large differences in their total energy 
consumption. Another important outcome of this study was to show that the 
pattern of energy use for weekday consumption of energy varies among days of 
the week [34].  
 
Wall and Crosbie (2009) conducted a study to calculate lighting energy 
consumption for 18 dwellings in the United Kingdom for one week. Based on 
their study, households could save nearly 51% of their energy use simply by 
changing all their incandescent bulbs to compact fluorescent lamps [35]. 
 
In a similar vein, Leighlty and Meier (2011) conducted a study to evaluate 
people’s response to an extraordinary uptick in electricity prices. This study was 
done by sending out a survey to Juneau, Alaska consumers who had 
experienced an avalanche that temporarily wrecked the hydroelectric 
transmission line in their city. The study’s results indicated that a 25% reduction 
of energy use occurred in the few days after the crisis. The study proposed that 
an increase in energy prices may encourage households to actively search for 
measures to reduce energy use. The behaviors adopted during the crisis became 
new habits for conserving energy, implying that consumers chose not to return 





In another paper by Nair et al. (2010), factors influencing energy efficiency 
investments on 3000 detached houses were investigated via a survey. 
Demographic information, age of building, levels of thermal discomfort, and 
past investment showed a direct impact on households’ preference for a specific 
type of energy-efficiency measure. The results indicated that although 
homeowners expressed their eagerness to reduce their energy consumption, they 
prefer to select measures that do not require investment [37]. 
 
2.1. Positioning of the study in cited literature 
 
Previous research on residential energy consumption has mainly focused on the 
technological aspect rather than on behavior or culture. Table 1 summarizes the 
focus of selected studies in terms of these primary focuses.  
 
Although some of the studies such as Kelly, Zavrl et al. and Yu et al. discussed 
occupants’ behavior regarding energy efficiency in residential buildings, only 
the demographic information of occupants is considered and their studies do not 
focus on behavioral patterns within the household. In this research, a survey-
based analysis on the energy consumption of residential buildings is conducted 
with respect to the three primary dimensions: sustainable physical 




behavior in residential buildings in Knoxville, Tennessee. Statistical methods 
such as PCA and multiple regressions are employed to extract relevant 
information from the survey data. Comparisons of available options in fuel, 
equipment, and systems, as well as suggestions, are included in this study to 
assist residents to decrease emission of greenhouse gases and improve the 






























Income Climate Behavioral 
UT-Mardookhy Study      
Yang et al (2010)      
Zavrl et al. (2009)      
Hass (1997)      
Dirk (2012)      
Chedid & Ghajae (2004)      
Aydinalp et al (2004)      
Aydinalp-
koksal&ugursal (2008) 
     
Aydinalp et al. (2002)      
Jaber (2002)      
Zhang (2004)      
Nesbakken (2001)      
Kelly (2011)      
Sadineni (2001)      
Yu et al. (2011)       
















This chapter focuses on data collection via a survey. A review of various 
modeling approaches for energy consumption in residential buildings shows 
that two methods are generally applied in this area of study: top-down modeling 
[23, 38, 39] and bottom-up modeling [40-43]. The top-down model relies on 
historical energy usage without dealing with individual end-usage. The bottom-
up approach involves measuring the energy consumption of a group of 
residential buildings and then generalizing the result at regional and national 
levels. The bottom-up approach utilizes two methods: the statistical method and 
the engineering method [29]. Depending on the modeling methods to be used, 
the aggregated data and information on residential buildings, such as their 
sustainable physical infrastructure, their energy efficient equipment, and the 
energy efficient behavior of the residents, can be used to develop a model to 
estimate the energy consumption of residential buildings. Since this study 





A questionnaire was designed to collect data for three explanatory variables 
along with the average annual energy consumption expenditure in residential 
buildings. The first variable focuses on the sustainable physical infrastructure, 
which describes the physical characteristics of the buildings such as the 
insulation material of the roof, wall, and ceiling; the number of floors in the 
building; and the age of construction. The second variable focuses on energy 
efficient equipment/fuel, utilized in residential buildings for lighting appliances, 
fuel used by equipment and the existing number of Energy Star appliances 
available. The third variable is energy efficient behavior or cultural factor. This 
variable explains the ways residents use the available systems and how they 
operate the equipment and appliances. This can be found by occupants’ role and 
habits about temperature setting preference for heating and cooling systems and 
turning lights off when a room is unoccupied. This variable, energy efficient 
behavior, is the most sensitive one in terms of increasing energy efficiency. The 
physical infrastructure and the use of energy efficient equipment/fuel in 
residential buildings are generally long-term investments (i.e., planning for the 
purchase and the overall life of this equipment is critical and is usually done on 
a long-term basis). With limited potential for update or improvement, 
replacement occurs only intermittently. On the other hand, energy efficient 




3.2. Data collection 
 
A total of 200 surveys were sent out randomly to single family residential 
buildings in west Knoxville. The response rate was 51% (a response rate from 
10%-50% is ordinarily considered reasonable) [37]. All of the buildings are in 
the same region to eliminate the factor of climate. Single-family owner-
occupied residential buildings were chosen because previous studies in the U.S. 
have indicated that energy-efficiency measures differ significantly for dwellings 
occupied by renters compared to those occupied by owners [44]. The annual 
electricity and gas expenditures for each residential building were normalized 
by the size (square foot) of the building to evaluate total energy consumption. 
The survey’s 86 variables were distributed across three categories according to 
the three dimensions of energy efficiency. Some of the important statistics 










Table 2. Some significant variables collected in the survey questionnaire 
Physical Infrastructure Equipment/Fuel   Behavior 
Outside Wall Material Heating Fuel   Temperature Setting 
Insulator Material Fireplace Fuel   Concern of Rising Cost 
Roof Material Stove Fuel   Equipment Maintenance 
Building Age Water Heater Fuel   Behavior Improvement 
Building Square Feet Energy Star Appliances   Resident Awareness 
Window Light   Barriers 
 
 
3.3. Statistical Analysis for the Survey Data 
  
Principal component analysis (PCA) is one of the most widely used statistical 
methods for extracting the variation or correlation structure of a multivariate 
dataset for a set of uncorrelated variables (Yi) in which the original variables 
(xi) are linearly combined in such a way that each variable (Yi) has decreasing 
variance. 
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Where a pp are constants (eigenvector for p
th
 principal component and p
th
 
variable) and X is the linear combinations of the variables xi, where i starts from 
1 to 86. 
The purpose of PCA is to reduce or simplify the data structure. By using the 
first principal components, the data structure can be reduced from a high-
dimensional data space to a low-dimensional data space.  
 
The dataset was compiled with the survey results and distributed into three 
categories: sustainable physical infrastructure, energy efficient equipment/fuel, 
and energy efficient behavior. Each category contained different descriptive 
variables. Robust PCA is applied to the dataset of the three categories to 
determine the first principal component with the largest eigenvalue and to 
minimize the impact of outliers. The scores of the first principal component in 




Cruncher Statistical System (NCSS). As the first principal component is the one 
with the largest variance among all of the principal components in the dataset, it 
can be used to represent the data structure and simplify the dataset. Therefore, 
the first principal component from each category can be considered as a new 
independent variable. The amount of energy consumed, as determined from the 
ratio of the average annual energy bill and the square foot area of a single 
family residential building, was treated as a dependent variable. Finally, 
multiple linear regression analysis was used to examine the relationship 
between the first principal components and the average monthly energy bill per 
square foot. 
 
3.4. Survey Responses 
 
A sample size of 102 single family houses was used for the analysis. Some of 
the outputs from the preliminary survey analysis are shown in Table 3. Based on 
the survey, 42% of the residential buildings were over 30 years old. The older 
residential buildings are less energy efficient than newer buildings [45] due to  
primitiveness of the energy equipment used at the time of construction and 
subsequent wear and tear of this equipment over time. A significant opportunity 
for improving the energy efficiency metrics with relatively small investments 




residential buildings surveyed used fiberglass for wall and ceiling insulation as 
fiberglass suits Knoxville’s climate, efficiently reduces energy costs, and 
absorbs noise. 59% of residential buildings are built with bricks or concrete. 
Brick is considered an energy efficient material that reduces the energy needs 
and promotes a cleaner environment. In addition, brick wall materials help to 
maintain a comfortable internal temperature longer, making the houses’ 
interiors cooler in summer and warmer in winter. 83% of the residential 
buildings use composition shingles for roofing because composition shingles 
are affordable, durable, and recyclable and appropriate for Knoxville‘s climate. 
70% of the Knoxville’s residential buildings are equipped with double-paned 
windows, which can save up to 24% of energy costs in winter and 18% in 
summer [46]. It is worth mentioning that 58% of the respondents complained 
about the leakage of air from doors and windows, which contributed to the loss 
of energy from their homes. Based on estimates provided by the Department of 
Energy (DOE), approximately 25% of U.S. heating and cooling costs are spent 
on energy losses due to window leakages [46]. Significant environmental 
benefits can be gained by encouraging the use of natural gas as a primary fuel 
option in residential buildings. 60% of the residential buildings use natural gas 
as their heating fuel, and the rest use electricity-powered heating systems. 59% 
of residential buildings use natural gas for fireplace fuel. 57% of the residential 




25% of the city’s residential buildings use natural gas for stoves, and 75% use 
electricity. This study assumes that the efficiency of a residential gas furnace is 
above 80% and that the efficiency of an electrical furnace is approximately 
100% [47]. To determine if the cost for the conversion of an electric furnace to 
a gas furnace is economical, it is assumed that 20% of the energy will be wasted 
in the process of heating. Based on residential rates in the Knoxville area [48], 
the price of electricity is 9.198 cents/kWh, and the highest price of natural gas is 
$1.253/Therm. Knowing that one therm is equal to 29.307 kWh, the price of the 
natural gas can be converted to 4.274 cents/kWh. Therefore, if the energy 
efficiency of a natural gas furnace was 80% it would be equivalent to the energy 
efficiency of the electrical furnace, and the price of the natural gas per kWh 
would be 4.274 /0.8 =5.343 cents/kWh.  
 
Comparing the total cost and the cost of electricity usage in Knoxville area, it 
can be concluded that using natural gas as a heating fuel is a cheaper option 
since the cost of heating by natural gas is 42% lower than using electricity. In 
addition, natural gas is considered a cleaner form of energy in comparison to 
coal or oil. Combustion of natural gas at power plants emits fewer nitrogen 
oxides (NOX) or CO2 than does the combustion of coal or oil. Moreover, the 
emission of sulfur dioxide (SO2) and mercury compounds in the process of 




emission rates from the combustion of natural gas at power plants are 1135 
lbs/MWh of CO2, 0.1 lb/MWh of sulfur dioxide, and 1.7 lbs/MWh of NOx. 
Compared to the average emission rates from burning coal at power plants, 
natural gas emits around 50% less CO2, around 30% less NOx, and around 1% 
fewer sulfur oxides (SOX) [49] . According to the data published by EIA (as 
shown in Figure 3), most of the CO2 emissions from energy consumption in the 
residential sector are from retail electricity [2]. 
 
In Knoxville, 69% of the residential buildings are equipped with separate 
thermostats, which help save energy since the heating and cooling system can 









of Knoxville’s residential buildings is set above 69 degrees Fahrenheit. In 
summer, the temperature in 70% of residential buildings is set below 76 degrees 
Fahrenheit. For heating, one degree Fahrenheit reduction in the thermostat 
setting contributes to 1% savings in energy expenditure. For cooling, every 
single degree Fahrenheit increase in the thermostat setting above 75 degree 
Fahrenheit brings 3% savings (“Focus on Energy” 2011). Therefore, with 
respect to thermal comfort parameters, for which the recommended temperature 
is between 66-75°F [50], the role of occupants controlling their environment 





      Table 3. Some important percentage indicators based on the survey. 
Sustainable Physical Infrastructure      
Question % Question % Question         % 
Well Insulated  81% Fiberglass Insulation 57% Composition Shingles Roof 83% 
Outside Wall - Brick + Concrete 59% Outside Wall- Wood 17% Outside Wall – Stucco 10% 
Double Pane Windows 70% Window/Door Leakage 58% Windows Need Replacement 45% 
Floor Number - 1 16% Floor Number – 2 65% Floor Number – 3 18% 
Building built before 1990 42% Building built after 1990 58%   
      
Energy Efficiency Equipment/fuel      
Question % Question    % Question  % 
Convection Oven with Energy Star 36% Refrigerator Energy Star 64% Dishwasher with Energy Star 51% 
Microwave Oven with Energy Star 53% Washing Machine Energy Star 56% Dryer Machine with Energy Star 46% 
Computer with Energy Star 75% Light with Reflector 34% Outdoor Photocell Light 21% 
Motion Activated Light 21% Light with Control 82% Separate Thermostats 69% 
Heating Fuel - Gas 60% Heating Fuel - Electricity  40% Fireplace Fuel – Gas 59% 
Fireplace Fuel - Wood 24% Stove Fuel – Gas 25% Stove Fuel – Electricity 75% 
Water Heater Fuel - Gas 57% Water Heater Fuel - Electricity 43%   
      
Energy Efficient Behavior       
Question % Question    % Question % 
Turn Off Light 64% Concerned about Rising Cost 82% Computer Sleep Mode 88% 
Outdoor Light On 34% Clean Bubble 67% Unplug Appliance 30% 
HVAC Maintenance  73% Ventilation Maintenance 60% Behavior Improvement 42% 
Winter Thermostats Setting <69
o 
60% Winter Thermostats Setting   >=69
o 
40% Summer Thermostats Setting<=70
o 
22% 




48% Summer Thermostats Setting>=77
o 
30% Use Dishwasher Once per Week 45% 






4. Results and Discussion 
 
4.1. Principal Component Analysis Results 
 
Based on the PCA outcomes from analyzing the sustainable physical 
infrastructure data (shown in Table A.1), the first principal component is 
selected as a new variable to represent the sustainable physical infrastructure 
factor.  The first principal component accounts for around 20% of the total 
variance of the survey data under the sustainable physical infrastructure 
category. According to the factor loading table (shown in Table A.2) of the 
PCA for the sustainable physical infrastructure data, the first principal 
component (shown in Table 4) includes several dominant variables: “outside 
wall materials,” “age of building,” “building size,” “double paned windows or 
not,” “ number of bedrooms,” and “number of floors.” These dominant 
variables have the highest impact on sustainable physical infrastructure.  
 
Based on the PCA outcomes from analyzing the energy efficient equipment/fuel 
survey data (shown in Table A.3), the first principal component was selected as 




principal component accounted for about 11% (Shown in Table A.3) of the total 
variance of the survey data under the energy efficient equipment/fuel category. 
According to the factor loading table (shown in Table A.4) of the PCA for the 
energy efficient equipment/fuel data, the first principal component (shown in 
Table 4) consists of several dominant variables: “separate thermostats,” 
“heating fuel,” “stove fuel,” “water heater fuel,” “refrigerator,” “size of water 
heater,” and “space heating.” These dominant variables were the most important 
energy efficient equipment/fuel factors affecting energy efficiency of the 
residential buildings. 
 
PCA analysis for the energy efficient behavior survey data is shown in Table 
A.5. The first principal component was selected a new variable to represent 
energy efficient behavior, since this category accounted for about 8.5% of the 
total variance of the survey.  According to the factor loading table shown in 
Table A.6 of the energy efficient behavior data, the first principal component 
consists of several dominant variables (shown in Table 4): “winter temperature 
setting,” “doors/windows left open when the AC is on,”  “times fireplace used,” 
“computer power,” “outdoor light left on,” “number of Indoor light turn on,” 
and “effect of advertisement,” “concerned about rising cost.” These dominant 
variables were the most important energy efficient behavior factors to affect 




Table 4. PCA results for each category 
Principal Component Analysis (PCA) Result 
 
Physical infrastructure Energy Efficient Equipment / Fuel Energy Efficient Behavior 
Outside wall material Separate thermostats Winter temperature setting 
Age of building Main fuel (heating fuel) Doors/ windows left open 
when AC is on 
Building Size Stove fuel Times fireplace used 
Windows double-paned/ 
single 
Water heater fuel Computer power  
Numbers of bedrooms Refrigerator Outdoor light left on 
Number of floors Size of water heater Indoor light turn on 
 Space heating(percentage) Effect of advertisement 




4.2. Regression Model 
 
Following the PCA, the first principal components under each survey category 
were used as predictors to conduct a multiple linear regression analysis with the 
average annual energy bill per square foot as the predicted variable. Table 3 
shows the NCSS output from fitting the multiple regression model using the 
following predictors: sustainable physical infrastructure, energy efficient 
equipment/fuel, and energy efficient behaviors to energy bill per square foot 




multiple regression analysis explains about 70% of the variation in average 
annual energy bills per square foot. This equation is represented in equation 4.1.   
 
1.4476 0.122 0.271 0.0849 0.0719
1 2 3 4




Y x x x xi
x x x x
x x
    





The regression model enables one not only to predict energy use but also to 
assess the relative effects of variables on this energy use. The descriptive 
analysis of the selected variables investigated in this model is shown in Table 5. 
The univariate analysis describes each variable and explores each variable 
separately.  It looks at the range of values, the central tendency of the values and 
the pattern of response. Table 6 shows the predictive model and related 
statistical value. This model is statistically significant with R
2
 = 0.709. The 
relevant variables are the age of a building, the building’s size, its wall material, 
its stove fuel, its water-heater fuel, presence or absence of separate thermostats, 
number of refrigerators, thermostat setting in winter, behavior about leaving 







Table 5. Univariate analysis of variables 





Age of building 






































Table 6. Regression Model Analysis by the NCSS 
Run Summary Section 
Parameter 
Value Parameter Value 
Dependent Variable Bill Rows Processed 102 
Number Ind. Variables 10 Rows Filtered Out 0 
Weight Variable None Rows with X's Missing 0 
R
2
 0.7086 Rows with Weight Missing 0 
Adj R
2
 0.6766 Rows with Y Missing  0 
Coefficient of Variation 0.1698 Rows Used in Estimation 102 
Mean Square Error 0.0235 Sum of Weights 102.000 
Square Root of MSE 0.1534 Completion Status Normal 








Before concluding that the regression model is significant, an investigation 
analysis of variance needs to be conducted to make sure that the variables 
comprising the model are statistically significant. The detailed analysis of 
variance (shown in Table7) demonstrates which variables of the regression 
model are statistically significant (As the obtained p-value is less than the 
rejection level, i.e. 0.05). In this case, all variables included in the model are 
significant. This confirms that the selected variables can be utilized to explain 
the variation of the overall regression model.  
 
Table 7. Analysis of Variance Detail Section 
Model Term Mean Square F-Ratio Prob Level Power 
(5%) 
Model 0.5212 22.131 0.0000 1.0000 
Age of building 0.2063 8.760 0.0039 0.8336 
Doors/win open 1.4575 61.882 0.0000 1.0000 
Water heating Fuel 0.1348 5.727 0.0188 0.6583 
Refrigerators 0.1072 4.553 0.0356 0.5601 
Rising cost 0.4149 17.618 0.0001 0.9858 
Size of building 1.4988 63.634 0.0000 1.0000 
Stove fuel 0.8404 35.683 0.0000 1.0000 
Thermostats 0.3541 15.037 0.0002 0.9697 
Wall wood 0.4936 20.958 0.0000 0.9949 






The obtained F-ratio indicates how much of the variation in Y is explained 
by each variable. A large number of F-ratio shows a significant effect of X.   
 
According to the coefficients (shown in Table 8), we can conclude that the 
amount of bill for newer single family houses (i.e., buildings constructed after 
1990), is $0.12 less than it is for older ones for each unit of square feet. For 
instance, for a 2200 square feet building, the difference of the bill amount is 
annually $264. In the same vein, if the water heating fuel is consuming gas 
instead of electricity, the amount of the bill decreases by $0.085 per square foot. 
Hence, the difference is $187 per year for a 2200 square feet building. When a 
family owns more than one refrigerator, the billing amount increases by $0.072 
per square foot (it turns out to be $158 for the 2200 square feet building). Our 
model shows that if the area of a building is larger than 2200 square feet, the 
billing amount rises by $0.31 for each square foot. This can be interpreted that 
bigger houses need more air-conditioning and space heating and that they have 
more electronics appliances than smaller houses. Hence, the difference is $682 
per year for a 2200 square feet building. If the stove uses gas instead of 
electricity, the billing amount increases by $0.21 per square foot. As for the 
physical structure, it can be observed that buildings with wooden walls lose 
more energy and the energy billing amount increases by $0.22 per square feet. 




Table 8. Regression Equation Section 




Error Sb(i) Level 
H0 at 
5%  
 Test at 5% 
Intercept 1.4476 0.0674 0.0000 Yes 1.0000 
Age of building -0.1220 0.0412 0.0039 Yes 0.8336 
Doors/ Win left 
open 
-0.2710 0.0345 0.0000 Yes 1.0000 
Water heating fuel -0.0849 0.0355 0.0188 Yes 0.6583 
Refrigerators -0.0719 0.0337 0.0356 Yes 0.5601 
Rising cost -0.1744 0.0415 0.0001 Yes 0.9858 
Size of building 0.3059 0.0383 0.0000 Yes 1.0000 
Stove fuel 0.2170 0.0363 0.0000 Yes 1.0000 
Thermostats -0.1606 0.0414 0.0002 Yes 0.9697 
Wall wood -0.2177 0.0476 0.0000 Yes 0.9949 
Winter temp. setting -0.0878 0.0319 0.0071 Yes 0.7783 
 
 
help to prevent energy waste more efficiently. In addition, single families living 
in buildings with separate thermostats have more control over their energy 
consumption. As a result, they pay $0.16 less per square feet compared to 
buildings without this utility. All of the behavioral variables considered in the 
model were found to contribute to decreasing the billing amount. The results 
demonstrate that opening doors and/or windows while AC is turned on has the 
largest effects on increasing the energy consumption. More precisely, if 
occupants open the door and/or windows, the bill increases by $0.27 per square 
foot. For a 2200 square feet building, the difference of $594 per year is a result 




4.3. Assumptions Assessment 
 
In order to investigate the reliability of the regression model, the assumptions 
including collinearity of variables, normality of residuals, and constant variance 
need to be examined.   
 
4.3.1. Collinearity of Variables 
 
In order to assess the collinearity issue in the model, the Variance Inflation 
Factor (VIF) and obtained tolerance for each variable are summarized in Table 
9. This table shows that VIFs values that quantify the severity of 
multicollinarity are small.  To avoid any multicollinarity issues in a regression 
model accepted VIFs values are smaller than 5. The tolerance values are all 
higher than 0.2 given that this values is the threshold. It means that at least 80% 
of the variance of the independent variables is shared with some other 
independent variables. As a result, the models are free from co-linearity 
problems (where two variables may be highly correlated and thus the model 







Table 9. Multicollinearity Section 
Independent Variance R2 Versus 
 Variable Inflation factor Other I.V.'s Tolerance 
Age of building 1.7936 0.4425 0.5575 
Doors /win open 1.1070 0.0966 0.9034 
Water heating fuel 1.3378 0.2525 0.7475 
Refrigerators 1.1976 0.1650 0.8350 
Rising cost 1.0864 0.0795 0.9205 
Size of building 1.3221 0.2436 0.7564 
Stove fuel 1.0851 0.0784 0.9216 
Thermostats 1.6000 0.3750 0.6250 
Wall wood 1.3600 0.2647 0.7353 




4.3.2. Residuals Normality 
  
As for the normality of the residuals, all test statistics confirm that the normality 
assumption cannot be rejected (shown in Table. 10 and Fig. 4). The normal 
probability plot also approves the assumption of having normality in the 
residuals. 









 Table 10. Normality tests section 
       Test NameTest Test value     Prob level    Reject H0 alpha =20%? 
Shapiro Wilk 0.9901 0.6559 No 
Anderson Darling 0.3961 0.3701 No 
D'Agostino Skewness 0.6403 0.5219 No 
D'Agostino Kurtosis 0.9984 0.3180 No 













4.3.3. Constant variance  
 
In order to investigate whether there is a constant variance in the residuals or 
not, we plotted the residuals against the predicted values obtained from the 
regression model (as shown in Figure 5). It can be observed that the residuals 
are randomly distributed with no special pattern. Therefore, we can conclude 













Table 11. Regression Coefficient Section 
Independent Regression Standard Lower Upper Standardized 




Intercept 1.4476 0.0674 1.3137 1.5815 0.0000 
Age of building -0.1220 0.0412 -0.2038 -0.0401 -0.2243 
Doors/ win open -0.2710 0.0345 -0.3395 -0.2026 -0.4683 
Water heating fuel -0.0849 0.0355 -0.1554 -0.0144 -0.1566 
Refrigerators -0.0719 0.0337 -0.1387 -0.0050 -0.1321 
Rising cost -0.1744 0.0415 -0.2569 -0.0919 -0.2476 
Size of building 0.3059 0.0383 0.2297 0.3821 0.5190 
Stove fuel 0.2170 0.0363 0.1448 0.2891 0.3521 
Thermostats -0.1606 0.0414 -0.2429 -0.0783 -0.2776 
Wall wood -0.2177 0.0476 -0.3121 -0.1232 -0.3021 
Winter temp setting -0.0878 0.0319 -0.1511 -0.0245 -0.1603 
 
 
Based on the analysis, there is a 95% likelihood that the estimated values of the 
coefficients lie between the calculated confidence limits for each variable, as 
indicates in the Table 11. For instance, for age of building, a 95% confidence 
interval with a lower limit of -0.2038 and an upper limit of -0.0401 implies that 
we are 95% confidence that the population lies between those values. Table 12 
shows the impact of each independent variable in the model. For example 
dropping “Doors/Window Open” variable from the model reduces the R
2
 value 















Variable I.V. Added I.V.  removed 
Age building 0.0835 0.0281 
Doors/win open 0.1264 0.1981 
Fuel water heating 0.0000 0.0183 
Refrigerators 0.0059 0.0146 
Rising cost 0.0708 0.0564 
Size of building 0.1900 0.2038 
Stove fuel 0.1053 0.1143 
Thermostats 0.0433 0.0481 
Wall wood 0.0591 0.0671 
Winter temp setting 0.0243 0.0117 
 
 
4.3.4. Predicting energy demand without behavior variables 
 
This section develops a predictive regression model without including 
behavioral variables in the regression model. Therefore, this model is based on 
only two categories; building sustainable physical infrastructure and energy 
efficient equipment/fuel. The physical aspects such as the size of building, age 
of house, and wall material are the most significant factors considered in this 
model. Factors influencing energy efficient equipment/fuel are water heating 
fuel, refrigerators, separate thermostats, and stove fuel.  
 
The intent of this analysis is to validate that behavioral variables have 




excluding behavioral based variables in the model result in R
2
 = 0.436.This 
means 43% variation in the regression model can be explained by the physical 
infrastructure and energy efficient equipment/fuel. This result highlights that the 
regression model cannot predict the energy usage without behavioral factors. 
The normal probability plot and test statistics also fails to accept the assumption 
of having normality on residuals (as shown in Figure 6 and Table 14).  
 
 
Table 13. Partial outputs of multiple regression analysis by the NCSS 
Parameter Value Parameter Value 
 
   Dependent Variable Bill Rows Processed 102 
Number Ind. Variables 7 Rows Filtered Out 0 
Weight Variable None Rows with X's Missing 0 
R
2
 0.4364 Rows with Weight Missing 0 
Adj R
2
 0.3944 Rows with Y Missing 0 
Coefficient of Variation 0.2324 Rows Used in Estimation 102 
Mean Square Error 0.04410785 Sum of Weights 102 
Square Root of MSE 0.2100187 Completion Status Normal  
Ave Abs Pct Error 17.822 
   
 
Table 14. Normality Tests Section 
Test Name Test Prob Reject H0 
Value Level At Alpha = 20%? 
 
Shapiro Wilk 0.9602 0.003722 Yes 
Anderson Darling 1.0652 0.008513 Yes 
D'Agostino Skewness 3.1117   0.00186 Yes 
D'Agostino Kurtosis 2.3539 0.018576 Yes 





Figure 6. Residual against predicted value plot 
 
Comparing the two regression models aims at changing energy-related 
consideration when studying energy consumption. As observed in this study, it 
is important to identify behavior aspects that have potential impacts on energy 
saving. For example, if we use the variables from all three categories, the R
2
 
value of the regression model is about 70%. If the variables related to the energy 
efficient behavior aspect were removed, the R
2









4.3.5. Case Study 
 
Based on the statistical analysis, we notice that behavior of energy consumption 
plays a significant role in energy usage. Improving these behaviors can reduce 
both the energy usage and the CO2 emissions. In order to quantify the reduction 
in the energy bill and CO2 emissions, we investigate the effect of three 
significant energy efficient behavior variables in the regression model. Based on 
residential electric rates (0.0919 $/kWh) for a single family house in Knoxville 
[51] and the average carbon dioxide emission rate ( 1.266 lb/kWh) [52],  we are 
able to calculate the amount of CO2 reduction for the three mentioned variables. 
For example, for a family that lives in a 3300 ft
2 
house, and adjusts their winter 
temperature setting to 69 degree or less can lead to an energy reduction of 8.9 
percent on their bill. This results in a decrease 3999.2 pounds of CO2 emissions 
annually. Table 15 shows impact on savings given one adopts an energy 
efficient behavior in a 3300 ft
2 
house. These findings point out the role of 
occupants in reducing amounts of CO2, which is a major factor in global 
warming. People can take many non-investment steps to reduce their energy 
consumption and, subsequently, CO2 emissions. Policy makers and 
governmental organizations need to plan strategies enhancing energy efficiency 








Table 15. Estimated savings from the adoption of energy efficient behavior 
improvement 
Factors Regression  $ Bill Saving kWh Saved Decreased 
 
Coefficient Annually Annually CO2 
Doors/Window open 0.271 894.3 9731.2 12319.7 
Rising Cost 0.174 574.2 6248 7910.1 







5. Conclusions and Recommendations 
 
Previous research on residential energy consumption has mainly focused on the 
technological aspect of residential buildings and paid little attention to the 
impact of resident behavior, which is a critical component as indicated by this 
study. Based on our analysis, energy efficient behavior is the predominant factor 
that influences energy consumption. According to the PCA results, seven 
variables (“effect of advertisement,” “winter temperature setting,” “doors/ 
windows  left open when AC is on,” “times fireplace used,” “computer power,” 
“outdoor light left on,” and “concerned about rising cost,”) of all dominant 
variables belongs to cultural behaviors of residents’ category. Three variables 
remain significant after implementing multiple regression models to estimate 
energy cost. These variables are “winter temperature setting ”, “doors/ windows 
left open when AC is on” and “concerned about rising cost” from the cultural 
behaviors of residents’ category. This indicates that the cultural behaviors of 
residents play an important role in energy bills. The results of the R-Squared 
section analysis in multiple regression analysis validate that the “Doors 
/window left open” is one of the most significant independent variables. It is 
important to mention that by removing this variable the R
2




0.19. Using the three behavioral variables, the model estimated the possibility of 
saving on the energy bill. The relationship between using energy efficiently and 
CO2 reductions can have implications for policy maker’s understanding the 
crucial factors that impact the energy efficiency of residential buildings. The 
regression model explains that the energy consumption behavior of residents 
depends on the concern about energy prices. Therefore, price-based policies can 
help policy makers encourage people to conserve more energy.  Another 
behavior factor in the regression model was attributed to the choice of the 
residents on selecting a thermostat setting during winter. Therefore, residents 
can be encouraged to use night-time and day-time setback methods to reduce 
the energy consumption of heating and cooling systems. To achieve global 
sustainable future, the policy maker and governmental organizations should 
focus more public attention on behavioral changes in addition to other 
investment measures of energy efficiency. In the future, combining the current 
model with economic and demographic factors will be of critical importance in 
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Table A. 1. Eigenvalues of the PCA of the sustainable physical infrastructure data  
 
Eigenvalues 
   
  
Individual Cumulative 
No. Eigenvalue Percent Percent Scree Plot 
1 3.238283 20.24 20.24 ||||| 
2 2.221558 13.88 34.12 ||| 
3 1.665497 10.41 44.53 ||| 
4 1.155615 7.22 51.76 || 
5 1.151350 7.20 58.95 || 
6 1.118625 6.99 65.94 || 
7 0.915670 5.72 71.67 || 
8 0.860838 5.38 77.05 || 
9 0.766663 4.79 81.84 | 
10 0.617718 3.86 85.70 | 
11 0.583261 3.65 89.34 | 
12 0.538103 3.36 92.71 | 
13 0.488013 3.05 95.76 | 
14 0.372042 2.33 98.08 | 
15 0.306765 1.92 100.00 | 




























    Variables Factor1 Factor2 Factor3 Factor4 Factor5 
Envelop -0.218021 0.484075 -0.351515 0.156489 0.048612 
Insulator Ceiling -0.217637 0.638973 0.280312 -0.299618 -0.183067 
Insulators Wall -0.017947 0.735927 -0.000609 -0.121161 0.038624 
Wall other 0.237148 -0.679874 -0.103505 -0.099223 0.176079 
Wall Stucco 0.098868 -0.050339 -0.460316 -0.421194 -0.197280 
Wall wood 0.609452 0.324351 -0.12462 0.308431 -0.470051 
Wall 
Brick+concrete 
-0.732833 0.237994 0.407117 0.059913 0.338701 
Roofing material 0.100749 0.176377 -0.030288 -0.735043 -0.014845 
Double paned Win -0.525284 -0.062762 -0.228121 -0.241462 0.063833 
Leakage -0.282279 0.123584 -0.619414 0.107903 -0.00181 
Window replace -0.236677 -0.03637 -0.561085 0.007939 -0.164077 
Insulation -0.087732 0.310148 -0.284568 0.2856 0.450153 
Floor no -0.514574 -0.084473 0.091299 0.183326 -0.652573 
Bedroom no -0.588083 -0.153262 0.41338 0.04101 -0.212127 






















Table A. 3. Eigenvalues of the PCA of the energy efficient equipment/fuel data 
 
Eigenvalues 
    
 





1 4.408051 11.02 11.02 ||| 
2 3.482596 8.71 19.73 || 
3 2.45167 6.13 25.86 || 
4 2.386836 5.97 31.82 || 
5 1.973945 4.93 36.76 | 
6 1.793992 4.48 41.24 | 
7 1.697493 4.24 45.49 | 
8 1.637737 4.09 49.58 | 
9 1.508708 3.77 53.35 | 
10 1.475035 3.69 57.04 | 
11 1.306238 3.27 60.31 | 
12 1.242614 3.11 63.41 | 
13 1.219437 3.05 66.46 | 
14 1.13139 2.83 69.29 | 
15 1.063074 2.66 71.95 | 
16 0.993139 2.48 74.43 | 
17 0.887142 2.22 76.65 | 
18 0.814012 2.04 78.68 | 
19 0.794534 1.99 80.67 | 
20 0.782672 1.96 82.63 | 
21 0.701814 1.75 84.38 | 
22 0.660069 1.65 86.03 | 
23 0.605651 1.51 87.54 | 
24 0.575034 1.44 88.98 | 
25 0.488189 1.22 90.2 | 
26 0.464842 1.16 91.36 | 
27 0.447637 1.12 92.48 | 
28 0.410555 1.03 93.51 | 
29 0.401333 1 94.51 | 
30 0.331236 0.83 95.34 | 
31 0.306252 0.77 96.11 | 
32 0.288179 0.72 96.83 | 
33 0.24325 0.61 97.44 | 
34 0.233221 0.58 98.02 | 











    
 






























39 0.058136 0.15 100.00 | 
























Table A. 5. Factor loadings of the PCA of the energy efficient equipment /fuel data 
 
Factor Loadings 
     Variables Factor1 Factor2 Factor3 Factor4 Factor5 
Light control -0.04894 -0.301631 0.014719 0.324448 -0.041663 
Light Reflector 0.133206 -0.004956 0.472369 -0.017792 0.043799 
Outdoor li Photocell 0.178733 0.054242 -0.09317 0.004782 0.572963 
Motion Activator 0.263654 0.238134 0.27673 -0.024809 0.393437 
Percentage Incandes -0.039564 -0.126247 0.432667 0.299473 -0.092014 
Percentage CFL -0.138089 -0.229691 0.290712 -0.073027 0.158468 
Percentage 
fluorescent 
0.18102 -0.079566 0.260817 0.307766 -0.054668 
Thermostats 0.561761 0.244536 0.167568 0.190496 -0.347853 
Main fuel 0.468879 0.370674 0.050647 -0.146497 -0.168714 
Fireplace 0.662437 0.376166 0.077582 0.021116 -0.375038 
Comp TV printer 0.02693 -0.197129 0.136644 0.11792 -0.13931 
Stove fuel 0.479446 0.043507 0.152251 0.044629 0.017266 
Toaster -0.144252 -0.303028 0.093413 -0.190401 0.291861 
Coffeemaker -0.260783 0.161381 0.334536 -0.576469 -0.181707 
Refrigerators -0.402207 -0.161732 0.068588 -0.344168 -0.325846 
Dishwasher -0.22143 -0.098715 0.042301 -0.193553 0.279667 
TV -0.293596 0.088809 0.18205 -0.459092 -0.309301 
Computer no -0.014845 -0.175045 -0.252787 -0.105059 -0.075583 
Storage water -0.232467 -0.094615 -0.321194 0.063915 -0.468372 
Water heating fuel 0.464992 0.464533 -0.026444 -0.032796 -0.0246 
Size water heating -0.495315 -0.173456 0.099778 -0.142576 -0.277835 
Space Heating -0.464384 -0.25288 0.188408 0.394442 -0.011415 
Air Conditioning -0.256462 -0.402287 -0.073967 0.11994 -0.234942 
Hot water 0.254874 0.178236 -0.069614 -0.317017 0.006656 
Lighting 0.160321 0.407466 0.279534 -0.349581 0.152355 
Other -0.005818 0.136084 0.372236 0.015657 -0.276951 
Panel Filter -0.176785 0.13831 0.730913 0.116907 -0.081366 












     Variables Factor1 Factor2 Factor3 Factor4 Factor5 
HEPA filter -0.011974 -0.15706 -0.140934 -0.383571 0.196997 
Washable Filter -0.053083 0.103402 -0.119999 -0.145271 0.193339 
Lighting 
improvement 
0.140558 -0.062069 0.166808 0.496862 -0.113454 
HVAC 0.211368 -0.053562 -0.001718 -0.01573 -0.030422 
Electrical Oven 0.280549 -0.462 0.158343 0.006641 0.074912 
Refrigerator 0.647855 -0.535981 0.037585 -0.049552 0.1171 
Dishwasher 0.577663 -0.535546 0.084092 -0.093194 -0.052557 
Micro 0.280494 -0.599691 0.117651 0.082627 -0.018342 
Washing machine 0.291916 -0.641078 0.058176 -0.394478 -0.159875 
Machine dryer 0.285195 -0.503371 -0.008867 -0.448296 -0.193349 
Efficient HVAC -0.120593 -0.097632 0.07275 0.009982 0.071575 
Efficient Light 
Bulbs 















Table A. 7. Eigenvalues of the PCA of the energy efficient behavior data 
 
Eigenvalues 
    
 





1 2.558934 8.53 8.53 || 
2 2.487587 8.29 16.82 || 
3 2.339679 7.8 24.62 || 
4 2.08795 6.96 31.58 || 
5 1.739624 5.8 37.38 || 
6 1.569914 5.23 42.61 || 
7 1.464827 4.88 47.5 | 
8 1.34913 4.5 51.99 | 
9 1.251352 4.17 56.16 | 
10 1.194341 3.98 60.14 | 
11 1.164911 3.88 64.03 | 
12 1.021897 3.41 67.43 | 
13 0.983876 3.28 70.71 | 
14 0.975847 3.25 73.97 | 
15 0.847697 2.83 76.79 | 
16 0.789723 2.63 79.42 | 
17 0.766317 2.55 81.98 | 
18 0.731053 2.44 84.42 | 
19 0.648599 2.16 86.58 | 
20 0.615814 2.05 88.63 | 
21 0.541196 1.8 90.43 | 
22 0.501264 1.67 92.11 | 
23 0.475224 1.58 93.69 | 
24 0.39574 1.32 95.01 | 
25 0.379986 1.27 96.27 | 
26 0.352611 1.18 97.45 | 
27 0.297574 0.99 98.44 | 
28 0.276499 0.92 99.36 | 
29 0.190834 0.64 100 | 





Table A. 8. Factor loadings of the PCA of the energy efficient behavior data 
 
Factor Loadings 
     
 
Factors 
    Variables Factor1 Factor2 Factor3 Factor4 Factor5 
Un plug light -0.058823 -0.192884 0.174371 -0.393631 0.125928 
Compare energy 0.156873 0.447229 -0.315649 -0.239888 -0.22354 
Advertisement 0.340172 0.160558 0.015455 0.018686 -0.040041 
Rising cost 0.318825 0.155391 0.147945 -0.303702 0.194528 
Awareness 0.200667 -0.316948 -0.031527 -0.736385 0.038966 
Technical Expertise -0.022125 -0.289745 0.195805 0.209794 -0.482136 
Financial Issue -0.192067 0.498617 -0.491624 0.394405 0.137842 
Other 0.023227 -0.017151 0.515144 0.211405 0.179787 
Audit 0.160427 0.481801 -0.390994 0.035303 -0.335782 
Doors/ win open -0.372885 0.037117 -0.093923 0.39412 -0.22255 
Adjust temperature 0.02677 0.097117 -0.133743 -0.046263 0.65936 
Time fireplace used 0.441649 -0.384682 0.065143 -0.114735 -0.194695 
Winter temp setting -0.507164 0.139034 -0.031472 -0.213718 0.160664 
Summer temperature -0.281044 -0.404048 -0.186348 0.22195 0.026563 
Use dishwasher -0.21315 -0.15785 0.048621 -0.209188 -0.006228 
TVON -0.114863 0.12051 0.287712 -0.016103 0.03778 
Usage computer -0.070172 -0.035658 0.62357 0.36783 -0.174281 
Computer Power -0.476434 0.048984 0.098574 -0.230276 -0.284965 
Computer Sleep 
mode 
-0.120394 0.253351 0.332914 0.118274 0.044575 
Left on outdoor light -0.438443 0.147934 0.200707 0.130354 0.005607 
Indoor lit turn on -0.552239 0.140521 0.081008 -0.445243 0.018665 
Efficient Indoor lit 0.286417 -0.25827 -0.07417 0.202765 0.19086 
Light Bulbs Clean -0.093909 0.464579 0.208231 -0.197222 -0.082516 
Devices un Plug -0.025915 0.097869 -0.060167 -0.140121 -0.625602 
Boiler setting 0.25806 0.051692 0.009725 -0.07962 -0.284372 
Ac maintained 0.249694 0.442655 0.343719 -0.192011 -0.039409 
Ventilation maintain 0.254311 0.309859 0.547094 -0.075882 0.068964 
Roof insulation 0.201635 0.29056 0.464216 -0.004911 -0.061717 
Behavioral impro 0.235037 0.500508 -0.278107 -0.146475 0.034519 






Residential Energy Consumption Survey 
 
Part 1: House Characteristics and Physical Structure  
 
1) Regarding the insulation in your home, overall, would you say that your 
home is?  
 Well insulated    
 Poorly insulated  
 
2) What kind of insulator has been used in the ceiling (attic insulation)?  
 Fiberglass      
 No Fiberglass   
     
3) What kind of insulator has been used in the walls?  
 Fiberglass               
 No Fiberglass 
                                
4) What is the major outside wall material for this housing unit?  
 Brick + Concrete       
 Wood                 
 Stucco                      
 Others    
          
5) What is the major roofing material on this housing unit?  
 Composition shingles      
 No Composition Shingles 
           
6) Are the windows single or double paned? 
 Single   





7)  Do windows or doors leak air?  
 Yes   
 No  
   
8) What areas of your house might be good targets for future energy-efficiency 
improvement efforts? 
   
           
 
9) How many floors are in this building?   
 A single level  
 2 levels  
 3 levels  
 More than 3 
10) How many bedrooms do you have in your home? Include bedrooms in 
finished attics or finished basements.  
 2 bedrooms      
 3 bedrooms  
 4 bedrooms  
       5 bedrooms  
       More than 5 bedrooms  
 
11) In what year was this structure built?  
 Before 1989    
 1990 to 2012 
12)  Please provide the building size (Square feet) 





Part 2: Equipment /Fuel 
 
1) Can the lights be controlled so that only some of the lights can be turned on 
in a room or area?  
 Yes  
 No 
  
2) Are the light fixtures equipped with reflectors (Reflectors are installed above 
the lights to reflect light down)?  
 Yes  
 No 
  
3)  Is outdoor lighting controlled by photocells?  
 Yes  
 No  
 
4) Are there any motion- activated lights in your house?  
 Yes  
 No 
  
5)  Indicate what percentage of each type of light is used in your house building 
 ........ Incandescent           
 ........ CFL                     
 ........ Fluorescent          
6) Does each floor have separate thermostats?   
 Yes  
 No 
  
7) What is the main fuel used for the heating equipment?  
 Electricity  




8) What fuel does the fireplace use?    
        
       
9) Do the computers, printers, TV, and other pieces of equipment have built-in 
energy saving features?  
 Yes  
 No  
 
10) What fuel does your stove use?  
 Electricity  
 Natural gas from underground pipes  
 
11)  Does your household use a toaster oven?  
 Yes   
 No  
  
12) Does your household use an electric coffee maker?      
 Yes   
 No 
   
13) How many refrigerators are plugged-in and turned on in your home?  
    ……….. 
14) Is an automatic dishwasher used by your household?  
 Yes   
 No 
   
15) How many televisions are plugged-in in your home?  





16) How many computers (desk top and laptop) are used in your home?   
……………….. 
 
17) How many storage water heaters are used in your home? 
 ……………….. 
 
18) Which fuel does the main water heating equipment use?   
 Electricity  
 Natural gas from underground pipes  
 
19) What is the approximate size of the main water heating tank?  
 Small (30 gallons or less)   
 Medium (31 to 49 gallons)  
 Large (50 gallons or more) 
  
20) Provide an approximate percentage based on the amount of energy that each 
of the following sources consumes 
 Space heating (during winter)       
 Air conditioning                             
 Hot water                                        
 Lighting and plug loads                  
 Other    
                                            
21) What kind of filter is used for the HVAC system?  
 Panel Filters      
 Pleated Filters      
 Washable Filters     
 HEPA Filters 





22) Which of the following energy efficiency measures has your house taken 
during the last 12 months? 
 Lighting improvement         
 HVAC improvement    
       
Please mark appliances that your house has in the kitchen and mark all 
appliances that contain an energy star label.              
23) Electrical convection oven   
 Available 
 Energy Star 
 
24) Refrigerator  
 Available 








 Energy Star 
 
27) Washing machine 
 Available 
 Energy Star 
 
28) Dryer machine 
 Available 






29) What areas of your house might be good targets for future energy-
efficiency improvement efforts? 
 Using high efficient HVAC                         
 Using energy-efficient light bulbs                
 
30) Has your house taken any HVAC improvement energy efficiency measures 
during the last 12 months? 
 Yes  
 No  
 
31) Has your house taken any Smart grid or smart building technology energy 
efficiency measures during the last 12 months? 
 Yes  
 No 
  
32) Has your house taken any Onsite renewable energy efficiency measures 
during the last 12 months? 
 Yes  
 No  
 
 
Part 3: Cultural and Behavioral  
  
1) Have you ever compared your household’s energy use to other households 
with similar characteristics? (Action potential behavior) 
 Yes  
 No  
 
2) How would you rate the effectiveness of an energy saving advertisement in 
influencing your behavior? (Action potential behavior) 
 Effective   





3) How concerned do you think other members of the house are about the rising 
costs of electricity? (Action potential behavior) 
 Concerned  
 Not concerned 
 




       
5) Is everyone in your household responsible to turn off and unplug lights and 
appliances after use?  
 Yes  
 No 
 
6) What is the most prominent barrier to pursuing energy efficiency for your 
house?  
 Awareness/ knowledge of issue    
      
      
 Technical expertise  
      
      
 Financial issue  
    
      
 Other  
       
      
       
7) Are the doors and windows left open while the air-conditioning is on?  
 Never   




8) Do you use the windows or door to adjust temperature (to avoid turning on 
Ac in mild season)?  
 Yes  
  No  
 
9) During the winter, what is the temperature setting of your home during the 
day?  
  69 ᵒ or up 
 68 ᵒ or down 
 
10) During the summer, what is the temperature of your home during the day?  
 76 ᵒ or down 
 77ᵒ or up 
 
 
11) How frequently do you use your gas fireplace in the winter? 
 Most days   
 About once a week       
 Fewer than 4 times each month   
 Never   
  
12) Which category best describes how often your dishwasher is used? 
 Once each day               
 4 to 6 times a week              
 2 or  3 times a week              
 Once a week               
 Less than once each week  






13) How many hours are televisions turned on each day? Include the time it is 
on even if no one is actually watching it.  
 Less than 1 hour   
 1 to 3 hours    
 3 to 6 hours    
 6 hours or more 
 
14) Thinking about your most used computer, how many hours each day is it 
used?  
 Less than 3 hour    
 3 to 6 hours    
 More than 6 hours  
    




16) When the computer is not in use does it go into a sleep or standby mode?  
 Yes  
 No  
 













19) Do any of the indoor lights use energy-efficient bulbs, such as compact 




20) Are light bulbs and fixtures cleaned?  
 Yes  
 No 
 
21) Are electrical devices (such as coffee maker, microwaves, toaster, etc.) 
unplugged after being used?  
 Yes  
 No  
 
22) What is the temperature setting of the water heater?  
  140 F or more   
 Less than 140 F    
                       
23) Is the ventilation system maintained and serviced?  
 Yes   
 No 
   
24) Is the air-conditioning systems maintained and serviced? 
 Yes   
  No  
  
25) Is the house’s roof insulation checked? 
 Yes   





26) Has your house taken any behavioral improvement energy efficiency 
measures during the   last 12 months? 
 Yes  
 No  
27) Has your house taken any peak demand management energy efficiency 
measures during the last 12 months? 
 Yes  
 No  
 
Energy bill information   
   
1) Please provide an average amount of electricity bill per month 
     ……… 
2) Please provide an average amount of gas (natural gas) bill per month 
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